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ABSTRACT Superoxide (0 2 -) is a key risk factor for cardiovascular disease (CVD1, including 
atherogenesis, reperfusion injury, angina, restenosis following balloon angioplasty, and vein 
graft failure. Axiom atically, O z ~ reacts with nitric oxide (NO) to form peroxynitrite (ONOO) 
resulting in a depletion of endogenous vascular NO, which is now firmly associated with 
CVD. Furthermore, risk factors for CVD, in particular diabetes metlitus (DM), dyslipidemia, 
and hyperhornocysteinemia are all associated with oxidative stress OS. Antioxidant thera- 
pies, including the gene transfer of antioxidant enzymes, are potentially valuable tn the 
treatment of CVD. (J Card Surg 2002;17:324-327) 



Oxidative stress (OS) is a condition in which 
cells are exposed To excessive levels of 0 2 or de- 
rivatives of 0 2 (reactive oxygen species [ROS]), 
principal among which is superoxide (Oj-). 1 * 3 Pro- 
tective systems that remove excess 0 2 _ include 
superoxide dismutase (SOD; breaks down 0 2 " to 
H 2 0 2 ) and cataiase (breaks down H 2 0 2 to h^O). 1 " 3 
Thus, OS can be considered to be the upregula- 
tion of 0 2 ~ generating systems coupled with a 
down regulation of protective systems. 

0 2 _ elicits a number of pathogenic effects in- 
cluding: the promotion of lipid peroxidation, the 
proliferation of VSMCs, apoptosis of endothelial 
cells and vasoconstriction. 1 - 3 However, the reac- 
tion 0 2 - + NO — » peroxynitrite (ONOO) is ax- 
iomatic in CVD since this effectively diminishes 
NO levels which in turn is associated with angina, 
atherogenesis, hypertension, ARDS, diabetic an- 
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giopathy, vein graft disease, reperfusion injury, 
and restensosis following balloon injury. 2 - 4-6 

BLOOD CELLS AND SUPEROXIDE 

0 2 ~ acts at both the blood cell and vascular tis- 
sue level, both of which interact to produce 
pathology. First, platelets, neutrophils, mono- 
cytes, lymphocytes, and erythrocytes all possess 
the capacity to generate 0 2 _. 7 " 9 Neutrophils re- 
lease large amounts of 0 2 ~ 7 and co-adhere with 
platelets and monocytes. 10 * 12 Because 0 2 ~ pro- 
motes adhesion molecule expression in blood 
and vascular cells, 13 - 14 this is the primary event in 
OS mediated vasculopathy. Neutrophils release 
substances that also promote the demise of en- 
dothelial cells. 15 The resultant denudation results 
in further aggressive adhesion of platelets, neu- 
trophils, and monocytes, creating a self-perpetu- 
ating cascade. The release of 0 2 " from these 
blood cell complexes, immediately negates en- 
dothelial NO availability. 4 * Since diminished NO 
formation promotes adhesion molecule expres- 
sion^ this would further exacerbate this ongoing 
pathogenic cascade. 

Platelets, neutrophils and monocytes gener- 
ate vasoconstrictors, cytokines, peptide growth 
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factors, and thrombogens. 3 Thus, apart from pro- 
moting acute vasoconstriction, thrombogenesis. 
and inflammation, these events may also trigger 
longer term events, including the invasion of 
monocytes (progenitors of the macrophage and 
foam cell) and the proliferation of VSMCs. 8 

CVD, RISK FACTORS, AND SUPEROXIDE 

Risk factors for CVD (e.g.. diabetes mellitus, 
dyslipidemia, copper, smoking, and homocys- 
teinemia) are all associated with hyperactive neu- 
trophils, platelets, and monocytes, increased ad- 
hesion molecule expression, diminished NO 
formation, and of course, OS .^A 16 " 18 Homocys- 
teine auto-oxidizes to generate 0 2 ~ to negate NO 
bioactivity, 18 an effect augmented by copper. 1 * 21 
Physiological concentrations of homocysteine 
and copper markedly inhibit NO formation in aor- 
tas of diabetic animals. 22 - 23 indicating a suscepti- 
bility to OS-promoting factors in diabetes. Athero- 
sclerosis and the above risk factors are also 
associated with increased vascular 0 7 ~ formation 
and decreased NO bioavailability. 3 * 5 The major en- 
zymatic source of 0 2 " in blood vessels is NADPH 
oxidase, which is overexpressed in the vascula- 
ture atherosclerotic and diabetic animals. 24 

OXIDANT STRESS AND 
CARDIAC SURGERY 

OS is associated with thromboembolic and 
inflammatory complications immediately after 
surgery. 25 Coronary artery bypass graft surgery 
(CABG) using cardiopulmonary bypass (CPB) are 
associated with an enhanced acute phase re- 
sponse (i.e an acute inflammatory-immune re- 
sponse) which is characterized by a marked in- 
crease in blood levels of cytokines. 26 Neutrophils 
and platelets also adhere in large numbers to re- 
cently implanted vein grafts. 8 It was suggested 
that this early adhesion on neutrophils may elicit 
the release of growth factors and cytokines that 
may trigger/enhance the early proliferation of 
VSMCs in vein grafts, hence promulgating the 
formation of a neointimal, the central lesion for 
vein graft failure. 3 It is tempting to speculate, 
therefore, -that adherent blood cells through their 
local release of cytokines may enhance endoge- 
nous oxidant stress in saphenous vein grafts. As 
was discussed, homocysteine and copper inter- 
act to generate 0 2 ~, an effect is markedly aug- 



mented in DM. We found a striking increase in 
plasma levels of HCy and copper after CABG that 
persisted for up to 6 weeks after surgery 27 It fol- 
lows, therefore, that these changes could con- 
tribute to vein graft disease through an augmen- 
tation of OS. 

ANTIOXIDANT THERAPY 

The number and range of orally active antioxi- 
dants is enormous and any studies in animal mod- 
els of vascular disease (and the risk factors 
thereof) have demonstrated that antioxidants re- 
duce OS and associated vasculopathy. 3 These 
antioxidants include vitamins C and E. probucol 
allopurinol, SOD mimetics, NADPH oxidase in- 
hibitors, desferoxamine, and penicillamine. In- 
terestingly, the gene transfer of SOD reversed 
endothelial dysfunction in diabetic rabbits. 28 

In man. fewer cardiac events in patients taking 
vitamin C have been reported 29 as well as im- 
proving endothelium-dependent vasodilation in 
diabetic and homocysteinemic patients, indicat- 
ing an inhibitory effect on the 0 2 "-NO axis. 30 * 31 Vi- 
tamin C administration also reduces cytokine lev- 
els, indicating an impact on leukocyte function. 32 
In large population studies significant inverse as- 
sociations between cardiac events and vitamin E 
intake have been reported. 33 - 35 In turn, antioxi- 
dants have shown promise in reducing OS in pa- 
tients undergoing cardiac surgery. 36 

CONCLUSIONS 

Although it is clear that OS plays a pivotal role 
in both acute and chronic CVD. the benefits of an- 
tioxidant therapies is ambivalent and certainly 
more clinical trials are required to clarify the area. 
Acute inflammatory OS (associated with cardiac 
surgery) constitutes an aggressive and local re- 
lease of 0 2 " and other ROS which may simply 
overwhelm acute antioxidant therapy. However, 
in surgery especially, the administration of an- 
tioxidants prior to procedures may combat OS 
precipitated by the procedure. Other antioxidants 
may be more useful in preventing more long term 
pathologies (e.g. late vein graft failure). Secondly, 
the distribution of OS between the blood and tissue 
compartments may be crucial to the efficacy of 
antioxidant therapy. Any given antioxidant may be 
effective in preventing 0 2 ~ damage by leukocyte- 
platelet complexes but be ineffective in prevent- 
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ing OS in endothelial or VSMCs, and vice versa. 
Thus, the use of adjuvant preparations could be 
deployed to create broad spectrum antioxidant 
regimes. Notwithstanding these considerations, 
more studies on OS and antioxidant effects on 
the pathophysiology of CVD using different ani- 
mal models is also mandatory, since the mecha- 
nisms underlying this complex area are still far 
from being fully understood. 
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PROTECTIVE EFFECT OF VITAMIN E ON THE RESPONSE OF THE 
RABBIT BLADDER TO PARTIAL OUTLET OBSTRUCTION 
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ABSTRACT 

Purpose- There is increasing evidence that ischemia/reperfusion is a major etiological factor in 
theP^ession of Madder dysfunction after partial outlet obstruction. If tins evidence ^correct, 
treatment wi?h an antioxidant should be beneficial in rabbits subjected to Pfrt^StiSSSS 
tioT We designed the current study to determine if diets high in a-tocopherol protected the rabbit 
bladder against dysfunction induced by partial outlet obstruction 

Materials and Methods: A total of 32 rabbits were separated into 4 groups of 8. Groups 1 and 
2 were plSefon a diet enriched with 1,000 IU/kg. a-tocopherol, and groups 3 ^4 were fed a 
re^St containing 44 IU/kg. a-tocopherol. After 4 weeks partial ^ 
created in groups 1 and 3, while groups 2 and 4 underwent sham operation. After 4 weeks Ol 
obstructSn'Serabbits weU anesiLtized and the blad ders ^^ofSe 
dinal strios obtained from the bladder body were used for contractility studies^The balance ot the 
SSrwrseparated between muscle and mucosa. Each section was frozen and I stored £ 
-?0C for^analysis of malondialdehyde as a measure of peroxidation and for a-tocopherol con- 

Ce Ste*Feeding rabbits a diet high in a-tocopherol resulted in significant protection against 
the^ebpmSnTof contractile dysfunction after partial outlet obstruction. The protective effect 
of a tocopherol was related to significantly decreased malondialdehyde and significantly in- 
creased tissue concentrations of a-tocopherol. ,, j VB f, 1TV ,ti on secondarv to 
Conclusions: These data indicate that a major etiology of bladder dy^otib. 0 *J*g™*%£ 
partial outlet obstruction is related to free radical generation and resultant membrane lipid 
peroxidation. 

Key Words: bladder, muscle, smooth; rabbits; ischemia; vitamin E 

Benign prostatic hypoplasia (BPH) is a « j fjbl KffiSS^S^ 

problem. More than 80% of males 50 years old or older have bnmng '™f%£toke& with partial outlet obstruction, 

some degree of bladder outlet obstruction secondary to d ^^ D ^ a ^ t ^Ue dysfunction induced by partial 
BPH. 1-3 To understand the effects of outlet obstructor on 

bladder morphology, physiology and pharmacology anund °^°™°^™ ed post . voi d residual urine/ 510 

models of obstruction have been developed using several ^SS causes increased mucosal per- 

species, including the rat, rabbit, guinea pig and pig. Al- $^™^ ation of ^ sensory nerves, which may 

though there are marked differences in bladder ^ ^ ^ ^ trrSbS syWtoms such as urgency, fre- 

ity, compliance, physiology and pharmacology among these be ntttifl ™ J^r^my J ^ ^cheinc injury to mus- 

species, responses to outlet obstruction have many ' common quenxy ^JSTS "reteSd to bladder dylfunction 

characteristics. Common to virtuaUy all models of parfaal f^j^^SSSL obstruction. If this hypothesis is 

struction induces an increase in bladder mass and wall ^°P he ™*^ t \ Y ^ure and the most potent based on 
thickness. 10 " Increased bladder wall thickness results in most ab J^^JJgJ Antioxidant Actions, studies 
cyclical ischemia/reperfusion during every micturition and vunous f^^f f^her biological activities, in- 
uninhibited contraction. 912 Blood flow and tissue oxygen ^."^^S^J^^inase C and activation of 
tension increase after micturition or uninhibited contraction. d ^^**^j£°^£J^ ^ 
Reperfusion and re-oxygenation generate reactive oxygen phosphoprotem phosphatase /A. 
species that cause the lipid peroxidation of cellular mem- 
branes. The result is membrane damage induced by ischemia materials and methods 
Accepted for publication January 5, 2001. ^ Preliminary experiment. A total of 12 rabbits were sepa- 
Supported in part by grants from the Veterans i Administration d ^ 2 of 6 xhe rabblt s in group 1 were fed a 
Medical Center and Nationad^Institutes of Health Grants RO-l-DK ^ CQntaining 44 ju a-tocopherol per kg. and 
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those in group 2 were fed a normal diet supplemented with 
1,000 IU/kg. a-tocopherol. Three animals per group were 
anesthetized with sodium pentobarbital after 4 and 6 weeks. 
The bladder was excised from each rabbit and homogenized. 
Mitochondria and microsomal preparations isolated by dif- 
ferential centrifugation were analyzed for a-tocopherol by 
fluorescent high performance liquid chromatography. 

Experimental protocol. A total of 32 rabbits were separated 
into 4 groups of 8. Groups 1 and 2 were placed on a diet 
enriched with a-tocopherol, while groups 3 and 4 were fed a 
regular diet. After 4 weeks partial outlet obstruction was 
created in groups 1 and 3; while groups 2 and 4 underwent 
sham operation. After 4 weeks the rabbits were anesthetized 
and the bladders were excised. Four longitudinal strips ob- 
tained from the bladder body were used for contractility 
studies. The balance of the bladder body was separated be- 
tween muscle and mucosa. Each section was frozen and 
stored at -70C for biochemical analysis. 

Surgery, A standard method was used to create moderate 
bladder outlet obstruction in groups 1 and 3. 10 Each rabbit 
was sedated with 25 mgAg. ketamine-10 mgAg. xylazine 
given intramuscularly and surgical anesthesia was main- 
tained with 25 mgAg. sodium pentobarbital given intrave- 
nously. Under sterile conditions the bladder was catheterized 
and drained with an 8Fr catheter. The bladder and ure- 
throvesical junction were exposed through a lower abdominal 
midline incision. After removing the perivesical fat body a 
2-zero silk ligature was tied loosely around the vesical outlet 
approximately 1 to 2 cm. distal to the insertion of the ureters. 
The catheter was removed. The bladder was returned to its 
normal anatomical position and the wound was closed ana- 
tomically. Gentamicin (1 mgTkg.) and 0.3 mgAg. buprenor- 
phine hydrochloride were given intramuscularly on postop- 
erative days 1 and 2. All obstruction procedures were 
performed by the same surgeon. Sham operations were per- 
formed as described but no ligature was tied. 

Contractility studies. A full-thickness section of each blad- 
der was cut into 3 longitudinal strips of approximately 1 x 
1 x 12 mm. Each strip was mounted in a 15 ml. organ bath 
containing Tyrode's solution (124.9 mM. NaCl, 2.5 mM. KC1, 
23.8 mM. NaHC0 3 , 0.5 mM. MgCl 2 -6 H 2 0, 0.4 mM. 
NaH 2 P0 4 . H 2 0, 1.8 mM. CaCl and 5.5 mM. glucose) at 37C 
and equilibrated with 95% 0 2 -5% C0 2 . One end of each strip 
was connected by a 1-zero silk suture to an FT03 isometric 
force transducer (Grass Instruments, Quincy, Massachu- 
setts), and tension changes were measured and recorded with 
a 7D Polygraph recorder (Grass Instruments). The analog 
signal was digitized using the Polyview System (Grass In- 
struments) and the maximal rate of tension generation was 
calculated for all responses. All strips were subjected to 2 gm. 
of initial resting tension and equilibrated for 30 minutes 
before initiating contractile studies. 

After equilibration the bladder strips were stimulated at 3 
square minute intervals with 1 msec, wave pulses applied 
through ring platinum electrodes at frequencies of 1, 2, 4, 8, 
16 and 32 Hz. After electrical field stimulation bladder strip 
responses to 1 mM. adenosine triphosphate, 20 uM. carba- 
chol (Sigma Chemical Corp., St. Louis, Missouri) and 120 
mM. KC1 (Fisher Scientific, Fairlawn, New Jersey) were de- 
termined. Between the applications of pharmaceutical 
agents the strips were washed with fresh Tyrode's solution 3 
times at 15-minute intervals. 

Tissue preparation. Frozen samples of bladder smooth 
muscle and mucosa were weighed and thawed in 1.15% KC1- 
0.05 M. tris buffer, pH 7.4, on ice and homogenized for 10 
seconds with a Polytron (Westbury, New York). Mitochon- 
drial and microsomal preparations were isolated by differen- 
tial centrifugation. 

Malondialdehyde quantitation. Each fraction was re- 
suspended in KCl-tris buffer and incubated at 37C. One set of 
flasks was maintained on ice to serve as a 0 time control. 



Ferrous sulfate (1 mM.) was added to initiate lipid peroxida- 
tion. After 15, 30, 60, 90 or 120 minutes of incubation, re- 
spectively, an aliquot was removed , from each flask and 
transferred to a microcentrifuge tube containing 40% trichlo- 
roacetic acid. Tubes were centrifuged at 1,000 g for 2 min- 
utes. After centrifugation 100 ul. supernatant were incu- 
bated with 0.75 ml. 1% thiobarbituric acid, pH 7.4, at 90C for 
30 minutes in a glass tube and then placed on ice for 10 
minutes. At that point 2 ml. 1-butanol was added and each 
tube was capped and inverted for 2 minutes. Tubes were 
spun at 1,000 g for 5 minutes. Malondialdehyde formation 
was measured from the fluorescence intensity at an excita- 
tion wavelength of 532 nm. and an emission wavelength of 
553 nm. using tetraethoxypropane as the standard. Quanti- 
tation of total protein was performed using Micro BCA Pro- 
tein Assay (Pierce, Rockford, Illinois). Data were normalized 
and presented as nmol7 mg. protein malondialdehyde gener- 
ated per 60 minutes of incubation. 

a-TocopheroL a-Tocopherol was extracted from mitochon- 
drial and microsomal suspensions with hexane and the 
amount was quantified by high performance liquid chroma- 
tography using fluorescence detection with an excitation 
wavelength of 292 nm. and an emission wavelength of 340 
nm. 7-Tocopherol was used as the internal standard. Statis- 
tical significance was determined by analysis of variance, 
followed by the Neuman-Keuls test with p <0.05 considered 
statistically significant. 



RESULTS 

Figure 1 shows the a-tocopherol concentration in bladder 
muscle and mucosa after 4 and 6 weeks of the control and 
high a-tocopherol diets. The a-tocopherol concentrations 
were 5-fold greater in mitochondrial and microsomal prepa- 
rations than in these preparations isolated from rabbits fed 
the normal diet. There were no differences in a-tocopherol 
concentrations at 4 and 6 weeks and, thus, for the experi- 
mental protocol we chose 4 weeks of feeding the supplemen- 
tal diet before creating partial outlet obstruction. 

Partial outlet obstruction resulted in a significant increase 
in bladder weight in obstructed groups. However, the in- 
crease in the rabbits fed the normal diet were significantly 
greater than in obstructed rabbits fed the high a-tocopherol 
diet (fig. 2). oo 

Figure 3 shows the contractile responses to 4 and 32 Hz. 
field stimulation. The maximal tension generation to both 
frequencies of stimulation was reduced more than 60% in the 




Mitochondria 



Microsomes 



FIG 1 o-Tocopherol concentration in bladder mitochondria and 
microsomes of 6 rabbits fed normal control diet containing 44 IU 
a-tocopherol per kg. and 6 fed normal diet supplemented with 1,000 
rU/kg. cr-tocopherol. Three rabbits in each group were evaluated at 4 
and 6 weeks. Asterisk indicates significantly different from controls 
(p <0.05). 
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Fig. 2. Effect of a-tocopherol CE") supplementation on bladder 
weight after partial outlet obstruction in 6 to 8 rabbits. Bars repre- 
sent mean plus or minus standard of error of mean (SEM). Asterisk 
indicates significantly different from controls (p <0.05). x, signifi- 
cantly different from normal diet (p <0.05). 

obstructed rabbits fed the normal diet, whereas the response 
in the obstructed group fed the high a-tocopherol diet was 
reduced between 10% and 20%. However, the maximal rate 
of tension generation was significantly reduced to the same 
extent in both obstructed groups. The responses to the other 
frequencies of stimulation were similar to those shown for 4 
and 32 Hz. Thus, the high a-tocopherol diet resulted in sig- 
nificant protection of the maximal tension generation in re- 
sponse to field stimulation but not of the rate of tension 
generation. 

Figure 4 shows the contractile responses to carbachoi, KC1 
and adenosine triphosphate. For all 3 forms of stimulation 
the maximal contractile responses and maximal rate of ten- 
sion generation were significantly reduced by partial outlet 
obstruction in the rabbits fed the normal diet, whereas no 
significant reductions in either parameter were noted in the 
obstructed rabbits fed the high a-tocopherol diet. Thus, feed- 
ing the rabbits a high a-tocopherol diet had a significant 
protective effect on the contractile responses to carbachoi, 
KC1 and adenosine triphosphate. 

Figure 5 shows malondialdehyde in the microsomal and 
mitochondrial preparations. The malondialdehyde levels 
were 10 to 20-fold greater in the rabbits fed the normal diet 
than in the rabbits fed the high a-tocopherol diet in micro- 
somal and mitochondrial preparations. Interestingly the 
malondialdehyde values in bladder smooth muscle of the 
obstructed bladders of the high a-tocopherol diet group were 
lower than the control high a-tocopherol diet group bladders. 

Figure 6 shows a-tocopherol concentrations in the micro- 
somal and mitochondrial preparations. a-Tocopherol concen- 
trations in bladder muscle and mucosa from the high 
a-tocopherol diet group were significantly greater than in 
controls. Furthermore, concentrations in the mucosa were 
significantly greater than in smooth muscle. Interestingly 
the concentrations of a-tocopherol in the muscle and mucosa 
of obstructed rabbit bladders from the high a-tocopherol diet 
group were significantly higher than in control high 
a-tocopherol diet group bladders. This finding contrasts with 
those in the rabbits fed the normal diets, in which the con- 
centrations of a-tocopherol were similar in the control and 
obstructed groups. 



There is increasing evidence that cyclical ischemia and 
ischemia followed by reperfusion is an etiological factor for 
the progression of bladder dysfunction associated with exper- 
imental partial outlet obstruction. 5 " 9 - 12 During the ischemic 
period there is an increase in cytosolic free intracellular Ca* 2 
via release from the sarcoplasmic reticulum and mitochon- 
dria. 17 * 19 Increased free intracellular Ca* 2 activates 
Ca +2 activated proteases such as calpain 20 " 22 and Ca* 2 acti- 
vated lipases such as phospholipase A 2 , 21 * 23,24 which dam- 
age cell and subcellular organelle membranes. In addition, 
reperfusion (re-oxygenation) generates reactive oxygen spe- 
cies that cause lipid peroxidation of cellular membranes, 
further dysregulating Ca* 2 homeostasis and perpetuating 
cell and subcellular organeUe membrane damage. 17-19 ' 25,26 
A strong association between ultras tructural cellular and 
subcellular membrane damage, and the magnitude of con- 
tractile dysfunction was recently found in obstructed rabbit 
bladders and in men with obstructive dysfunction. 27 " 29 

Studies in an in vitro model of ischemia/re-oxygenation 
have demonstrated that the rate and magnitude of bladder 
contractile failure are directly related to the extracellular 
calcium concentration, which in turn is directly related to the 
level of lipid peroxidation after re-oxygenation. 13,14 The con- 
tractile function of the bladder strips could be protected by 
reducing the calcium concentration in the bath and by incu- 
bating the bladder tissues in the presence of calcium c h a nn el 
blockers. 30 These studies are consistent with studies using a 
rat model of partial outlet obstruction. The rat studies dem- 
onstrated that in vivo treatment with diltiazem (calcium 
channel blocker) significantly reduced the hypertrophic re- 
sponse of the bladder. 31 

Studies in the rabbit have demonstrated that treatment 
with Pygeum africanum before creating partial outlet ob- 
struction significantly reduced the level of contractile and 
metabolic dysfunction induced by partial outlet obstruc- 
tion. 32 ' 33 In addition, treatment of rabbits that had previ- 
ously undergone partial outlet obstructions resulted in a 
significant reversal of the contractile, biochemical and struc- 
tural dysfunction induced by partial outlet obstruction. 34,35 
Although the mechanism of action of Pygeum africanum is 
not known, several components have significant antioxidant 
activity. 36 Our study demonstrated that feeding rabbits a 
diet high in a-tocopherol resulted in a 5-fold increase in 
a-tocopherol concentrations in the bladder membranes, sub- 
stantially decreased baseline levels of the peroxidation prod- 
uct malondialdehyde and significantly improved contractile 
responses to all forms of stimulation. These results clearly 
show that a diet supplemented with a-tocopherol can have 
beneficial effects on bladders subjected to partial outlet ob- 
struction. 

Bladder outlet obstruction in men secondary to BPH may 
induce 2 sets of symptoms 37 The obstructive symptoms (de- 
creased voiding pressure, decreased flow rate and increased 
residual volume) relate directly to the decreased contractile 
responses of the bladder smooth muscle to field stimulation 
(nerve mediated contraction). However, the irritative symptoms 
(urgency, frequency and hyperreflexia) may relate to alter- 
ations in the sensory limb of the micturition reflex. The rabbit 
correlates of the obstructive symptoms directly relate to the 
decreased contractile responses to stimulation. 4 * 5 * 10 The rabbit 
correlates of the irritative symptoms (increased urinary fre- 
quency, decreased micturition volume and increased incidence 
of hyperreflexia) may relate to the increased mucosal perme- 
ability induced by obstruction and obstruction induced over 
distention and ischemia. 15 * 16 

Metabolic studies have demonstrated that the bladder mu- 
cosa is significantly more sensitive to anoxia and ischemia 
than bladder smooth muscle. 38 * 39 More recent studies have 
demonstrated that partial outlet obstruction induces a 
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marked increase in the membrane lipid metabolisms ^and 
activation of specific lipases, such as phospholipase A 2 . 
Future studies will be directed at increasing our understand- 
ing of the relationship of mucosal metabolism and the irrita- 
ble symptoms of obstructive dysfunction. 

Partial outlet obstruction resulted in a significantly 
greater increase in bladder mass in the untreated rabbits 
compared with the high a-tocopherol diet group. This obser- 
vation is consistent with previous studies in rabbits and cats 
in which we have demonstrated that bladder weight indi- 
rectly proportional to the level of contractile dysfunction. • 
That is, the increase in bladder mass is a protective response 
against the increasing residual volume as the contractile 
responses fail. The greater the contractile responses, the 
lower the bladder mass. Thus, the reduced rate of bladder 
hypertrophy (increase in mass) observed in the vitamin E 
treated rabbits was directly related to the reduced rate of 
contractile dysfunction in these rabbits. 

It is interesting that, whereas vitamin E protected the 
bladder against the decrease in the maximal contractile re- 
sponses to field stimulation, it did not protect against the 
decrease in the rate of contractile tension generation. This 
finding may be related to the marked calcium dysregulation 
that occurs after partial outlet obstruction. 4 - 10 



Pretreatment of the rabbits with vitamin E significantly 
reduced the level of malondialdehyde in the muscle and mu- 
cosa of control and obstructed rabbits. It is interesting that 
obstruction did not result in an increase in malondialdehyde 
in the muscle or mucosa and in fact after obstruction there 
was a reduced level of malondialdehyde in the smooth muscle 
of the vitamin E treated rabbits. Published studies have 
demonstrated that partial outlet obstruction results in sig- 
nificant hydrolysis of cellular and subcellular phospholipids, 
causing a significant increase in the release of free fatty 
acids. 2 * 40 We have noted that partial outlet obstruction re- 
sults in a significant increase in lipid peroxidation for the 
first several days, which then is reduced to control levels by 
1 and 2 weeks (unpublished data). We believe that increased 
cellular membrane phospholipid hydrolysis acts preferen- 
tially on the peroxidized lipids, thus, causing a net decrease 
in the level of peroxidation in the obstructed tissue. This 
hypothesis is currently being investigated. 

One of the more interesting findings is that, although the 
concentrations of a-tocopherol were increased by feeding rab- 
bits a diet high in a-tocopherol, concentrations in the ob- 
structed bladders in the high a-tocopherol diet group were 
significantly greater than those in the control high 
a-tocopherol diet group. This finding may be related to the 
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alterations in phospholipid metabolism observed after ob- 
struction. 23 ' 40 . , , 

The a-tocopherol levels correlate with the lower malon- 
dialdehyde levels in the smooth muscle of the obstructed 
high a-tocopherol diet group compared with the control high 
a-tocopherol diet group. It is a reasonable conclusion that the 
protective effect of a-tocopherol on bladder contractility is 
partially due to its increased tissue levels and antioxidant 
activity, as demonstrated by the reduced malondialdehyde 
concentrations. That the obstructed high a-tocopherol diet 
bladders had increased levels of a-tocopherol compared with 
the control high a-tocopherol diet bladders was an unex- 
pected finding. However, the higher concentrations were con- 
sistent with the reduced levels of malondialdehyde in the 
obstructed high a-tocopherol diet bladders compared to the 
control high a-tocopherol diet bladders. 
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Oxidative or free radical injury is a fundamental 
mechanism of human disease (1, 2). Increasing 
evidence suggests that such injury is important in 
the pathogenesis of a diverse group of neurological 
disorders (3), such as cerebrovascular disease, 
mitochondrial disorders, amyotrophic lateral scle- 
rosis, Huntington's disease, Alzheimer's disease, 
and epilepsy. Elucidation of the role of oxidative 
injury is important because therapy with agents 
that scavenge free radicals and augment endog- 
enous antioxidant capacity may be useful in the 
therapeutic modulation of these devastating neu- 
rological conditions. This review outlines the 
potential importance of free radical injury in the 
nervous system and highlights new inf onnation and 
clinical trial data in this expanding area. 

A free radical is an atom or molecule with an 
unpaired electron in its outer orbit . This state makes 
it highly reactive with other chemical species The 
biochemistry of organic oxidative injury is complex 
(Fig. 1) (4> 5). The superoxide anion (0$) is formed 
as a byproduct of normal metabolism. Superoxide 
undergoes spontaneous dismutation to form hydro- 
gen peroxide, a reaction which is catalysed by super- 
oxide dismutase. Hydrogen peroxide is subsequently 
removed by the action of catalase. Peroxynitrite is 
formed by the reaction between superoxide anion 
and nitric oxide, and it and its breakdown products 
(the nitronium anion and the hydroxyl radical) are 
highly toxic to the nervous system. Iron and other 
metal ions favour the formation of the highly reac- 
tive hydroxyl radical. 



Free radicals "attack" important macromole- 
cules leading to cell damage and homeostatic dis- 
ruption. Free radicals can react with the hpid 
biiayer of cell membranes and alter their mem- 
brane fluidity characteristics, and also lead to 
release of potentially toxic byproducts. Free radi- 
cals react with proteins leading to enzyme inacU- 
vation and disruption of cellular function. Hiey 
also react with DNA and RNA leading to somatic 
mutations, and to disturbances of transcription and 

translation. , , 

Other fundamental processes involved in the 
pathogenesis of neuronal damage and disease 
appear to involve free radical-mediated injury. For 
example, giutamate neurotoxicity is mediated at 
least in part by the liberation of free radicals. 
Cortical neurons from transgenic mice overex- 
pressing copper-zinc-superoxide dismutase are pro- 
tected in vitro against giutamate induced neuronal 
damage (6). Free radicals may also be important in 
the induction or mediation of programmed cell 
death or apoptosis (7, 8), and in signal transduction 
and gene expression (9). 

Endogenous antioxidant mechanisms exist to 
protect against the oxidative injury associated with 
normal metabolism (10). Mechanisms which pro- 
tect cells against oxidative injury include compart- 
mentalization of cellular processes, e.g. in 
peroxisomes; enzyme systems such as glutathione 
peroxidase, superoxide dismutase, and catalase; 
specific transport proteins and binding molecules 
for iron and other metals; and endogenous antioxi- 
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fig. L Cell diagram depicting important free radical reactions. 
The superoxide anion (Ol . small blade oval symbol) is formed 
as a result of normal metabolism, and subsequently converted 
to hydrogen peroxide (HjOj and then to water and oxygen by 
the action of the enzymes superoxide dismutase and catalase 
respectively. The presence of transition metal ions such as iron 
favours the formation of the hydroxy! radical ( OH), a potent 
pro-oxidanL Peroxynitrite (ONOCr), and nitronium (*NOJ), 
as well as the hydroxyl radical are formed by the reaction of 
superoxide anion and nitric oxide (NO), and these further 
contribute to oxidant stress. Increased free radical production 
or decreased inacrivation may lead to disease by oxidative 
damage to proteins, lipid membranes, and/or nucleic adds. 

dant compounds which can abort free radical chain 
reactions such as water soluble ascorbic acid (vita- 
min C) and lipid soluble a-tocopherol (vitamin E). 
The molecular basis of some human diseases may 
involve abnormalities of these endogenous defense 
systems. The process of aging may in part be due 
to the gradual overwhelming of these protective 
endogenous antioxidant defenses by chronic meta- 
bolic stress, a sort of "aging metabolic clock" (ll t 
12). In support of this, mitochondrial genotype has 
recently been suggested to be associated with 
longevity (13). In addition, increased age is clearly 
a risk factor in many diseases which are associated 
with oxidative injury, such as atherosclerosis, 
Alzheimer's disease, and cancer. 

In some circumstances, increased local release of 
free radicals may be beneficial. For example, 
release of toxic oxidant species by activated neu- 
trophils may play a role in host defense against 
infection. Similarly, the local release of free radicals 
by immunocompetent cells may be important in 
surveillance against early cancer. Much like inflam- 
mation, oxidant reactions can be both detrimental 
and beneficial to the organism. 
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Measurement of oxidative injury 

Free radicals are evanescent chemical species. Thus, 
the elucidation of the importance of oxidative 
injury in human disease in general has been ham- 
pered by the difficulty in directly measuring free 
radicals. Measurement in vivo has relied on indirect 
means of assessing free radical injury such as 
measurement of malondialdehyde, conjugated 
dienes, or breath pentane, or ex vivo by electron 
paramagnetic resonance. However, the reliability 
of such methods, their sensitivity and specificity, 
and their application to what actually happens in 
vivo in terms of free radical biology has been 
questioned (14, 15). 

Over the last few years novel methods of 
assessing oxidant status in human disease have 
been developed which permit more accurate 
assessment of the importance of free radical injury 
in disease, and which may also provide additional 
methods of defining optimal doses of putative 
antioxidants in therapy. Such methods include the 
measurement of 3-nitrotyrosine, a stable by-prod- 
uct of peroxynitrite (16); protein carbonyl deriv- 
atives, markers of protein oxidation (17); 
isoprostanes, stable products of arachidonic acid 
formed under conditions of oxidative stress in a 
cyclo-oxygenase independent manner (18, 19); 
and 8-hydroxy-2-deoxyguanisine, a stable byprod- 
uct of DNA oxidant injury (20). 

Neurological diseases associated with oxidative injury 

It is difficult to find a human disease in which a 
study implicating oxidative injury does not exist 
Despite this, there is still uncertainty and contro- 
versy as to whether oxidative injury is a cause or 
consequence of disease (21), or whether appropri- 
ate therapy with effective free radical scavengers 
can prevent disease or favorably modulate its 
progression (22, 23). It is likely that the truth of 
the "cause or consequence" argument lies some- 
where in the middle - some diseases are likely to 
be caused by perturbations in factors which regu- 
late free radical homeostasis, and other diseases 
may initially be independent of such factors but the 
disorder itself leads to an increase in oxidative 
stress which may further exacerbate tissue injury 
and disease progression. Effective therapy may be 
of critical importance in either case. Despite the 
extensive basic neuroscience research that impli- 
cates oxidative injury in neurological diseases, 
there have been few well conducted prospective 
controlled studies of putative antioxidant com- 
pounds in the modulation of these disorders. 
Important published trials performed to date are 
summarized in Table 1. None of these trials have 
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Table 1. Summary of selected randomiiad ptobo»cantro llod Trials of putative antioxidants in naurological disorders 
Disorder 

Strata 
l<fih) 
SAH 
{<48 h) 
SAH 
|<48hl 
Alzheimer's 
(moderate) 
Alzheimer's 
(mild- severe) 
ALS 

Epilepsy 
{children] 
Parkinson^ 
(early) 
HO 

(mild-moderata) 
HD 

(mi id-moderate) 
SC Injury 

{within a h) 

^^^^ 

> In too other aims of (his study patients mated with either 0.6 rasAg/day or 2 mgAg/day had no better outcome when compareo to in g 
8 Both arms ef this study were given vitamin A 25.000 IU twice daily and vitamin C 500 ma tana 

' Forty eight hours of Mnd treatments equina* it 6 months te Z4 h of metWypredmsolone treatment (145 pttents) at a dose that ha. teen pwkw, 
ha superior to plaeabo: hut was not as effectivB as 48 h of methylprednisolwie Treatment |U9 patients). 



Trial [refl 


Agent 


34 


Tirilaiad 




6 mg/kg/d8yx3 days 


44' 


Ttrilazad 
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attempted to measure biological indices of free 
radical injury as a surrogate marker for drug 
efficacy. 

Cerebrovascular disease 

The importance of oxidant injury in atherogen- 
esis has been extensively studied in the last two 
decades. The facilitated uptake of oxidized LDL 
by macrophages to form foam cells is a crucial 
early event in atherosclerosis (24). Although the 
biology of free radical injury in vascular disease 
has been most extensively studied in the coro- 
nary circulation, a number of observations indi- 
cate that oxidative injury is also of fundamental 
importance in the pre-cerebral and cerebral vas- 
culature. Firstly, antibodies against oxidized LDL 
have been detected in human carotid plaque and 
correlate with disease severity (25). Secondly, 
increased levels of isoprostanes, oxidative non- 
enzymatic derivatives of arachidonic acid, have 
been found in human atherosclerotic plaque, 
isolated from carotid endarterectomy specimens 
when compared to vascular tissue devoid of 
atherosclerosis (26). In addition, immunohisto- 
chemical studies confirmed that foam cells within 
the plaque were strongly positive for 8-epi- 
prostaglahdin F 2a , an abundant isoprostane. 



Thirdly, a significant increase in serum markers 
of cholesterol oxidation and of LDL-thiobarbi- 
turic acid-reacting substances (TBARS) has been 
demonstrated in patients with rapid progression 
of carotid atherosclerosis compared to subjects 
with little or no progression of disease as meas- 
ured by high resolution B-mode ultrasonography 
(27). 

Epidemiological studies have shown that the 
intake of antioxidant vitamins correlate inversely 
with carotid plaque thickness (28); and observa- 
tional studies have shown a positive association 
between plasma TBARS and presence of carotid 
plaque in elderly men (29), and an inverse associ- 
ation between erythrocyte vitamin E levels and 
common carotid artery intima-media thickness in 
both sexes in the same study. Thus basic and 
epidemiological data support the role of free radi- 
cal injury in carotid atherosclerosis, although to our 
knowledge, no published prospective studies of the 
effect of free radical scavengers on ultrasomcally- 
assessed progression of carotid atherosclerosis 
exist. Vitamin E supplementation in the secondary 
prevention of ischaemic stroke is currently being 
examined in patients with established vascular 
disease in the British Heart Foundation tnal (30). 
Dietary intake of flavonoids (mainly quercetin 
found in tea, fruit, and vegetables) has been pro- 
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spectivcly associated with a reduced incidence of 
stroke (31). 

Free radicals may also play a role in the cascade 
of events which lead to cellular injury following 
ischaemia (32), and the generation of free radicals 
may potentiate glutamate neurotoxicity in this 
situation (6), Increased urinary excretion of 8-epi- 
prostaglandin F^, has been demonstrated in the 
first 12 to 24 h following acute ischaemic stroke 
when compared to age matched controls (33). It is 
plausible that effective antioxidants could save the 
ischaemic penumbra from cell death and thus limit 
neurological dysfunction after stroke. The only trial 
of a putative antioxidant in acute stroke to date 
has not shown benefit Tirilazad, a 21-aminosteroid 
inhibitor of lipid peroxidation, given to 276 patients 
within 6 h (median, 43 h) of stroke onset had no 
beneficial effect at 3 months when compared with 
280 patients given placebo (34) (Table 1). 

Increased oxidative stress has been demon- 
strated in chronic cigarette smoking (35), hyperten- 
sion (36), and hypercholesterolaemia (37). The 
impact of these potent risk factors for vascular 
disease and stroke could potentially be ameliorated 
by chronic antioxidant supplementation. 

Reperfusion injury may be associated with the 
generation of free radicals (38). Evidence for this 
is most convincing in the coronary circulation 
following thrombolytic therapy or primary angi- 
oplasty for acute myocardial infarction, or after 
global myocardial reperfusion that occurs following 
coronary bypass surgery (39, 40). It is unknown 
whether oxidative reperfusion injury occurs in the 
brain following treatment of ischaemic stroke with 
tissue plasminogen activator (tPA), ihus possibly 
attenuating the effectiveness of this therapy Clin- 
ical deterioration following initial improvement 
without hemorrhage or increased oedema is known 
to occur, and may be a manifestation of this 
phenomenon. If this is the case, adjuvant therapy 
with free radical scavengers used with tPA may 
prove useful 

Cerebral vasospasm is a major cause of morbid- 
ity and mortality following subarachnoid haemor- 
rhage (SAH). Evidence suggests that this may be 
mediated by production of free radical species (41). 
The release of biologically active isoprostanes 
formed during lipid peroxidation has been shown 
to cause cerebral vasospasm in an animal model 
(42). Recently, increased plasma levels of choles- 
terol ester hydroperoxides (markers of free radical 
injury) correlated with increased mortality in 
patients with SAH (43). In addition, in the same 
study, plasma ascorbic acid levels were inversely 
correlated with the risk of vasospasm. Two large 
clinical trials using tirilazad 6 mg/kg/day given for 
8 to 10 days following onset of SAH have yielded 



conflicting results (44, 45) (Table 1), and use of 
higher doses of tirilazad are ongoing (45). 

Alzheimer's disease 

Evidence that suggests that oxidative stress is 
important in the neurodegeneration of Alzheimer's 
disease (AD) has recently been extensively 
reviewed (46). Increased lipid peroxidation, pro- 
tein and DNA oxidation, and formation of 
advanced glycation end-products have all been 
reported in patients with AD (47). Use of high dose 
vitamin E 2000 IU per day for 2 years has recently 
been shown to reduce the incidence of death, 
institutionalization, loss of activities of daily living, 
and severe dementia in patients with moderate 
disease (4S). Additionally, the antioxidant flavo- 
noids have been shown to be neuroprotective in 
vitro (49), and a controlled trial using a plant 
extract of Ginkgo biloba, which contains flavonoids 
and other antioxidants, has shown benefit in Alzhe- 
imer's disease. In this study, there was a signifi- 
cantly better outcome in terms of Alzheimer's 
Disease Assessment Scale - Cognitive subscale 
(ADAS-Cog), and Geriatric Evaluation by Rela- 
tive's Rating Instrument in patients with mild to 
moderately severe dementia after 1 year's treat- 
ment when compared to placebo, without increase 
in adverse effects (50), In this trial there was no 
difference in Clinical Global Impression of Change, 
a measure of the physician's judgement of overall 
change in impairment compared to baseline. How- 
ever, it is remarkable that this short trial demon- 
strated objective improvement (by ADAS-Cog), 
and subjective improvement as judged by the 
patient's blinded caregiver. 

In addition to Alzheimer's disease, oxidative 
injury to neurons may be important in other forms 
of dementia. In corroboration of this, a novel 
scavenger of superoxide anion and a structural 
homologue of vitamin E, OPC-14117, has recently 
shown promise in a small pilot trial in patients with 
HIV-associated cognitive impairment (51). 

Amyotrophic lateral sclerosis 

The landmark discovery that some familial forms 
of amyotrophic lateral sclerosis (ALS) are caused 
by autosomal dominant mutations in the gene 
encoding for cytosolic copper-zinc superoxide dis- 
mutase (52) has led to enormous interest in poten- 
tial oxidative mechanisms involved in the 
pathogenesis of both familial and non-familial 
ALS. The mechanism by which a mutation in 
superoxide dismutase (SOD) could lead to neuro- 
nal cell death is unclear, as SOD knockout mice 
fail to develop an animal model of the disease (53). 
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Moreover, it is unlikely that the capacity of catalase 
to inactivate the increased formation of hydrogen 
peroxide is overwhelmed, as transgenic mice over- 
expressing the human wildtype SOD gene also fail 
to develop the animal model of the disease (54). 

The most popular hypothesis explaining familial 
ALS is that the mutated enzyme leads to enhanced 
neurotoxicity which in some way damages the 
neuron - so called "gain of function" (55). Trans- 
genic mice overexpressing some mutated forms of 
the SOD gene causing human familial ALS go on 
to develop disease (54). It has been speculated that 
the mutated forms of SOD somehow enhances 
formation of peroxynitrite within the nervous sys- 
tem (55). Vitamin E supplementation delays onset 
of clinical disease in the transgenic mouse model 
of familial ALS, but does not prolong survival (56). 

Data from humans support the role of oxidative 
injury in non-familial ALS Autopsy studies have 
shown increased protein carbonyl levels in the 
spinal cords of patients in comparison to controls 
(57). Glutathione peroxidase, but not SOD, activity 
was reduced in the precentral gyrus of autopsy 
specimens from 9 patients with sporadic ALS in 
comparison to 9 patients dying of non-neurological 
causes (58). Increased nitrotyrosine, a marker for 
peroxynitrite production, has also been shown to 
be elevated in post-mortem studies in both spo- 
radic and familial ALS (59), and elevated nitroty- 
rosine immunoreactivity has been found in the 
cerebrospinal fluid of patients with ALS (60). In 
patients with ALS, a 1-year clinical trial of N- 
acetylcysteine, an antioxidant and glutathione pre- 
cursor, failed to show any benefit, although there 
was a non-significant trend in favour of the active 
treatment group (61), Recently a mitochondrial 
cytochrome c oxidase subunit deletion has been 
found in a patient with early onset motor neuron 
disease (62). Thus, defects in oxidative phosphor- 
ylation leading to increased oxidant stress may 
underlie some human phenotypes of ALS. 

Epilepsy 

Seizures are the symptoms of epilepsy, a disorder 
which is being increasingly recognized as a chronic 
dynamic neurological disorder (63). The focus of 
antiepileptic drug therapy may gradually change 
from seizure control to modulation of the underly- 
ing disease process. Data exist to suggest that 
oxidative injury may be important in epilepsy,, 
although information in humans is still preliminary. 
Reports from studies in animals suggest that JEree 
radical injury is involved in the pathogenesis of 
post-traumatic epilepsy. In rats, injection of iron 
salts into the cortex lead to the formation of 
superoxide radicals (64), and in a model of iron- 



induced seizures, adenosine scavenged hydroxyl 
radicals and prevented post-traumatic epilepsy 
(65). In another study in rats, epileptiform activity 
measured by electrocorticography correlated with 
increased lipid . peroxidation (66), and a related 
study showed that ct-tocopherol and selenium pro- 
tected against iron-induced epileptiform activity 
and gliosis (67). Oxidative stress induced apoptotic 
cell death in embryonic cortical neurons in vitro 
(68), and was prevented by the antioxidant N- 
acetylcysteine (69). The 21-aminosteroid, U- 
74389G, an inhibitor of lipid peroxidation, pre- 
vented hippocampal damage in a rat model of 
dendrotoxin-K induced seizures (70). Oxidative 
stress may change channel permeability and thus 
modulate epileptogenesis. The results of a small 
prospective randomized trial in children with 
intractable epilepsy suggested that vitamin E 400 
IU per day for 3 months significantly improved 
seizure control (71). However, the complete 
absence of a placebo response in this trial was 
unusuaL Also in patients, N-acetylcysteine delayed 
the progression of the progressive myoclonic epi- 
lepsy syndrome, Unverricht-Lundborg disease 
(72). Deficiency of selenium, a cof actor in several 
endogenous antioxidant enzymes, has been sug- 
gested to play a causative role in two children with 
intractable seizures (73). Finally, there is also evi- 
dence that treatment with anticonvulsants can 
cause or exacerbate free radical injury (74). 



Parkinson's disease 

The nigrostriatal degeneration which underlies the 
expression of Parkinson's disease may be due to 
mechanisms that involve free radical neurotoxicity. 
Evidence exists to suggest that oxidative injury is 
important in the dopaminergic cell death in this 
disorder. Excessive accumulation of iron has been 
described in the pars compacta of the substantia 
nigra in patients with Parkinson's disease (75). 
Reduced glutathione, an important endogenous 
tripeptide which removes hydrogen peroxide, is 
significantly reduced in the substantia nigra of post- 
mortem brains of patients with Parkinson's disease 
(76). The MFTP-induced form of Parkinson's dis- 
ease is also associated with increased oxidative 
stress (77). Importantly, therapy with L-dopa may 
lead to the generation of oxy-radicals (7S), and it 
is unclear whether such therapy contributes to 
neuronal damage and accelerates disease progres- 
sion. This has obvious implications for the timing 
of initiation of L-dopa therapy, a controversial issue 
which remains to be resolved. 

Dopaminergic cell transplantation may have a 
role in the future therapy of Parkinson's disease. 
Such therapy is in part hampered by the low 
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survival rate of transplanted neurons. Lazaroids or 
21-aminosteroids have been shown to ameliorate 
cell loss in a rat model of transplanted dopamine 
neurons (79). Furthermore, survival of dopaminer- 
gic neurons was four times greater when harvested 
from transgenic mice overexpressing copper-zinc 
SOD when compared to those taken from normal 
mice (80). Thus oxidative damage to dopamine 
neurons may be an important factor in limiting 
transplant efficacy, and may be ameliorated by 
antioxidants 

The only randomized prospective controlled trial 
of antioxidant therapy in Parkinson's disease failed 
to show any benefit from supplementation with 
vitamin E 2000 IU daily for a mean period of 14 
months (81). Vitamin E is mainly effective in 
aborting oxidative chain reactions within the lipid- 
rich bilayer of the cell membrane, and thus may 
not be an appropriate antioxidant to treat Parkin- 
son's disease. In addition, the optimal scavenging 
capacity of vitamin E may require coadministration 
of high dose vitamin C (82). It is possible that 
therapy with other oxidant scavengers, particularly 
those that are most effective within the cytosol, 
those that sequester iron, or those that augment 
brain glutathione may be beneficial 

Huntington's disease 

In parallel to the nigostriatal dopaminergic neuro- 
degeneration seen in Parkinson's disease, the stri- 
atal pathology of Huntington's disease may also be 
due in part to oxidant injury. Glutamate neurotox- 
icity in the basal ganglia in Huntington's disease 
may be mediated by the release of intracellular free 
radicals, and thus ameliorated by antioxidants. 
However, the exact role of the abnormal accumu- 
lation of the mutated protein, huntingtin, and its 
relationship to glutamate and oxidative neurotox- 
icity is presently unknown. In support of the role 
of oxidative injury in Huntington's disease, 
increased levels of 8-hydroxydeoxyguanosine have 
been found in caudate nuclear DNA in post- 
mortem brain tissue of 18 patients compared to 
that of 29 controls without neurological disease 
(83). In the same study, no difference in caudate 
cytosolic SOD activity was observed between 
patients and controls. 

Two small controlled trials of antioxidant ther- 
apy in patients with mild to moderate Huntington's 
disease have been performed (Table 1). Vitamin E 
(3000 IU daily for 1 year) had no overall effect on 
neurological or neuropsychiatry symptoms, 
although post hoc analysis suggested a beneficial 
effect in those with early disease (84). In addition, 
both the placebo and the active treatment group 
were given additional antioxidant treatment with 



high-dose vitamin C and vitamin A. This may have 
diluted any potential benefit of vitamin E. In 
another study by the same group, treatment for 1 
year with 270 mg per day of idebenone, a benzo- 
quinone antioxidant, failed to yield benefit (85), 

Spinocerebellar ataxia 

Perturbations in vitamin E metabolism have been 
associated with spinocerebellar dysfunction pre- 
senting with a clinical phenotype similar to Frie- 
drich's ataxia. Bassen-Kornzweig disease is an 
inborn deOciency of very low density lipoproteins 
which normally transport lipid soluble vitamin E 
from the gastrointestinal system to the nervous 
system. Treatment with high dose vitamin supple- 
mentation can be effective in reversing neurologi- 
cal dysfunction. Mutations in the cc-tocopherol 
transport protein can also lead to similar spinocer- 
ebellar disturbance, and treatment with vitamin E 
is effective (86). S imil ar mutations in the a-toco- 
pherol transport protein are also associated with 
retinitis pigmentosa (87). Thus patients with unex- 
plained spinocerebellar ataxia, especially when 
associated with retinitis pigmentosa, should be 
given a trial of high-dose a-tocopherol. 

Head and spinal cord injury 

Traumatic injury to the nervous system is a dynamic 
process which involves lipid peroxidation and other 
harmful oxidative events which occur subsequent 
to the initial insult (88). Early treatment with 
radical scavengers may help in salvaging some of 
the compromised tissue analogous to attempts to 
protect the ischaemic penumbra following acute 
vascular occlusion. In acute spinal cord injury, 
treatment with 48 h of tirilazad has been shown to 
have similar efficacy to 24 h of high dose methyl- 
prednisolone, which has previously been shown to 
be superior to placebo (89). A controlled trial of 
tirilazad following acute head injury has been 
completed and published results are awaited (90). 

Conclusions 

Much evidence suggests that oxidative mechanisms 
are important in cell injury in many neurological 
diseases. Clinical trials of putative antioxidants 
have been performed in recent years with mixed 
results Newer techniques of measuring free radical 
damage in human disease are allowing for a better 
understanding of oxidative injury in the nervous 
system. In addition, these techniques could be used 
in dose finding studies of antioxidant effectiveness 
before expensive large scale clinical trials are per- 
formed. Advances in neurogenetics and pre-dis- 
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ease screening, as well as new knowledge about the 
progressive nature of the neuropathology underly- 
ing a number of important neurological diseases, 
compel us to consider the option of treating at risk 
individuals with agents such as antioxidants that 
may delay or ameliorate some of these disorders. 
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